There is an increased interest in lowering the flow of fresh gas in circle-circuit anaesthesia. The driving force for this move is cost savings and a lowered potential for pollution into the atmosphere when less anaesthetic gas is used. Monitoring of the physiological and anaesthetic gases during low flow and closed circuit anaesthesia is of clinical importance. When fresh gas flow to a circle system with soda lime absorption is lowered, the patient's inspired anaesthetic agents and physiological gas concentrations differ from those in the fresh gas '. This difference increases as the fresh gas flow decreases. Thus, to give safe anaesthesia using low flow or closed circuit anaesthesia, the anaesthetist must be able to measure the concentration of the gases in the circuit. Gases of interest are (given in order of importance): oxygen, carbon dioxide, volatile anaesthetic agents, nitrous oxide, nitrogen and argon. This paper deals with the properties of the gases and the technology that makes this monitoring possible and discusses those analysers that can perform in-line monitoring of the more important gases listed above.
Properties of the gases Infrared spectroscopy
Molecules of polyatomic gases that are asymmetric and contain different atoms (e.g. carbon dioxide, water, nitrous oxide and the volatile anaesthetic agents) can vibrate both symmetrically and asymmetrically ( Figure 1 ). Only with asymmetric vibration is the electric charge displaced. In doing so, the molecules absorb light in the infrared range of the spectrum due to the fact that the charge displacement causes an oscillating dipole moment. In IR spectroscopy for anaesthetic use, the asymmetric stretching vibration in particular is used which corresponds in the carbon dioxide molecule to a wavelength of 4.25/-tm. This lies in between the water peaks in the spectrum and far enough away from the nitrous oxide (N20) peak for it to be measurable. The effect of the overlapping portion of the N20 absorption is usually compensated for by use of appropriate filters and can be further compensated for electrically. In analysers that measure N20 at the same time, this effect is continuously calculated and subtracted from the measured concentration. The same IR principle is used for the other gases such as N20 and the volatile agents but different wavelengths (e.g. N20 3.9 /-tm and agents 1O.3-13.0/-tm) corresponding with strong absorption peaks in their spectrum are used. Separate dedicated detectors are used for these additional gases. However, all of the volatile anaesthetic agents are measured at the same wavelength. Appropriate gains and amplifications are used but the specific agent often must be selected by the user. Failure to select the correct agent will significantly affect the analyser reading2. Some specialised calibration might be required 3 The energy changes in the monitored gas are measured in two different ways. In conventional infrared spectroscopy the device measures the amount of energy absorbed. This is used in most of the mainstream analysers. More recently monitors can measure how much energy the molecules of gas have gained. This gain is measured photo-acoustically by a microphone sensitive enough to measure the sounds associated with the pressure changes. This technique is used in the Bruel and Kjaer Anesthetic Gas Monitor'.
Mass spectrometry
When molecules of gases are bombarded with electrons in a vacuum, positively charged molecular ions and other fragments result. These positively charged ions are accelerated into a separating chamber and then measured according to their mass-to-charge ratio (abbreviated to m/e). Clinical mass spectrometers have one of two types of separating mechanism.
Magnetic Sector Method
Separation of the positively charged molecules is achieved by magnetically deflecting the stream of ions, the ions of least mle being deflected the most; e.g. the molecular ion of N2 (m/e = 28), will be deflected more than the molecular ion of 02 (m/e = 32). The ratio at which each stream of ions impinges on a detector is a measure of the partial pressure of the gas in the sampled mixture.
Quadrupole Filter Method
Separation is achieved by directing the ion stream between four parallel cylindrical rods. Opposite pairs of rods are connected electrically and by adjusting DC and AC components, the quadrupole essentially acts as a filter for individual species of positively charged ions, allowing them to pass while the others impact onto the rods and are lost.
Clinical mass spectrometers can be used either qualitatively or quantitatively. In the former case the spectrum can be scanned from lowest to highest massto-charge ratio to determine the molecules present as in Figure 2 showing the mass spectrum of air. In the latter case several detection channels can be set up to measure specific peaks in the spectrum (e.g. O 2 , C02, N20, volatile anaesthetic agents etc). These peaks are calibrated against known gas mixture standards and then used as indicators of partial pressure of the gas. Analog outputs are produced with response times of about 1I1Oth second. This allows for continuous monitoring on a breath-by-breath basis.
Mass spectrometers have low sample rates of the order of 20 ml.min -I. They are however large, noisy, heat-producing and expensive. As well, two of the most commonly measured gases, C02 and N20, have overlapping peaks at the mass-to-charge ratio of their molecular ions and need to be measured at the massto-charge ratio of their fragment peaks viz. 12 (C) for C02 and 30 (NO) for N 2 o.
The main advantage that mass spectrometers have in clinical monitoring for closed circuit and low flow anaesthesia is their ability to measure easily both argon and nitrogen. They are the only readily available clinical monitors for measurement of nitrogen. However, nitrogen has been measured using a dedicated nitrogen meter as described by Sykes and Vickers'.
Raman scattering
Polyatomic gas molecules, such as the physiological gases and anaesthetic agents, but not argon (which is monoatomic), can absorb visible and ultraviolet light due to their vibrational and rotational activity. Photons are absorbed but are then immediately re-emitted. These absorbed and re-emitted photons have the same frequency: this process is the common form of light scattering and is named after Rayleigh. Only a very small amount ( -0.1 070) of incident light is scattered. Furthermore, not all of this light is scattered in this manner. For a further very small proportion (again -0.1 %) of scattered light the re-emitted photon has a different wavelength and frequency to the incident photon. When the initial absorption has been from the ground state of the gas, the re-emitted photon has a lower frequency. This shift in frequency is proportional to the rotational and vibrational frequency of the gas molecule and is specific for each polyatomic gas. This process is called Raman scattering. The shift is used qualitatively to identify gases and the amplitude of the new spectral peaks is used quantitatively to obtain the partial pressure of the gas. In this way it is possible to measure 02, N2, N20, C02 and the volatile anaesthetic agents.
Powerful lasers and sensitive photo multiplier tubes are needed to detect Raman scattering. Narrow bandpass filters are needed to resolve the spectra of the gases monitored during anaesthesia, with wavelengths varying from 505 to 594 nm, the anaesthetic agent gases being particularly close together « 7 nm apart).
Some models use two photomultiplier tubes, one to measure CO 2 continuously and multiplexing the remainder. Some use up to eight photomultiplier channels, preset for particular gases of interest.
These analysers have a 1!1Oth second response time making them suitable for breath-by-breath analysis and have adequate accuracy6-8. They are small enough for use in the operating theatre but have a high power consumption.
These multigas monitors cost about US$20,000.
Electrochemical measurement
Any gas that can be readily reduced, i.e. that can accept electrons, can be measured by this method. Oxygen is one of these. When the sample gas comes into contact with the cathode of the electrochemical cell, the oxygen is reduced to hydroxyl ions by electrons according to the equation:
In polarographic-type electrodes, the driving electropotential for the chemical reaction is provided by an external power source, usually a dry cell battery. Their typical response times are in the order of seconds.
If the platinum electrode is changed for a gold electrode and the Ag/AgCI anode is changed for a lead anode, the cell becomes self-powered. These are called fuel cells and when connected to a resistive load, usually a small thermistor, the change in oxygen concentration is proportional to the current flowing through the load and is measured galvanically.
The response times of the cells are longer than those for the polarographic cells\ being of the order of tens of seconds. These response times limit their use to measuring average gas concentration and thus do not allow for breath-by-breath analysis of inspiratory and expiratory concentration.
Nitrous oxide can also be reduced in these cells. The products are nitrogen and H2O. Since no charged ions are produced there is no change in electrical current. However, the build-up of nitrogen can cause early leakage past seals. Specially designed and reinforced sensors are used in cells intended for use when N20 might be present in the sample. Interference caused by anaesthetic agents rarely exceeds 1070 of the oxygen concentration.
Our experience shows that the life span of these fuel cells is about 12 months. Their replacement cost is about $200. This cost has been decreasing over the last ten years mainly due to the improved manufacturing techniques for these cells. The life time expectancy of 12 months has been confirmed by a clinical studylO which showed that fuel cells apparently give more reliable service at lower overall costs than polarographic cells. 
Paramagnetic analysis
Molecules of gas can either be paramagnetic or diamagnetic. In other words, the gas molecules can either be attracted by a magnet, as is the case with paramagnetic gases or be repelled, as is the case with diamagnetic gases. Oxygen is the only physiological or anaesthetic gas that has paramagnetic properties. In the sample cell a magnetic field is pulsed. When oxygen is present the gas will contract and expand with a resultant pressure change that is proportional to the concentration, and is measured against a reference cell. This allows for accurate measurement of oxygen concentration with a rapid response allowing for breath-by-breath analysis. Sampling is done by sidestream. This analysis is made in series with infrared analysis of the other gases, all stages being combined into a single external device which houses the individual cells, chopper disc (a light chopping mechanism), its driving motor and the detection devices.
Piezoelectric technique
When specially prepared lipophilic coated oscillating quartz crystals are exposed to a volatile anaesthetic agent, adsorption of the agent causes the crystal to increase its mass and in turn, change its frequency of oscillation. This frequency change is directly proportional to the partial pressure of the lipid-soluble anaesthetic agent surrounding the detection crystal. The presence of water vapour interferes with the measurement and can increase the reading by up to 0.3%". A recent improvement made by filtering the sampled gas before analysis has cut down the effect of water vapour. This technique gives a ten-to twentyfold better signal-to-noise ratio than Raman scattering, mass spectrometry or infrared spectroscopy. It has been shown that this new device may be well suited to measuring anaesthetic agents".
Further reading on gas measurement can be found in works by Gravenstein 13, 14,  Parbrook" and by Sykes and Vickers 5 •
Analysers Currently Available
Monitors that can measure gas concentrations within the anaesthetic breathing circuit are usually called mainstream monitors. Those which sample from the circuit and measure the concentration remotely are called sidestream monitors. In low flow and closed circuit anaesthesia it would be ideal to measure all of the gases by the mainstream method. However, not all can be so measured.
Gases that can currently be measured within the circuit using mainstream analysers are oxygen, using the electrochemical technique; carbon dioxide, using the IR technique and anaesthetic agents using the piezoelectric crystal technique. Several mainstream carbon dioxide analysers are now available. Miniaturisation of the optical bench and its associated solid state circuitry allow this lightweight sensor and its reference cell to be placed within the circuit. These instruments give an accurate reading l6 and a rapid response such that breath-by-breath recording and display of the capnogram can be made. Nitrous oxide can at present only be measured by sidestream monitors.
However, there are monitoring systems that are designed to both filter the monitored gas and then return it to the sample site, thereby creating the characteristics of a mainstream monitor. One of these is the Engstrom Servo Gas Monitor, which can measure both oxygen (electrochemically) and volatile anaesthetic agents (infrared). Some other multiple gas analysers such as the Datex range supply a gas return kit, which effectively returns the monitored gas to the sampling T-piece. The Rascal Raman scattering analyser samples by sidestream but can return sampled gas unaltered to the breathing system.
An in-depth comparison of the mainstream versus the sidestream method of sampling has been made l ).
Mass spectrometers do not return sample gas and would have an effect on the oxygen and nitrous oxide uptake making calculations very complex l8 • There are a limited number of within-circuit mainstream monitors available. Gases that can be measured in this manner include oxygen, carbon dioxide and the volatile anaesthetic agents. Limitations for development in this area are the difficulty of miniaturising the components, the relatively high cost of the sensors and the susceptibility of the sensors to damage. Their main advantage in closed circuit and low flow anaesthesia is that they can measure within the circuit and there is no need to sample and then return the gas.
In the future, continuing miniaturisation will allow for multiple gases to be analysed within the circuit in a single cell. For the moment, multigas analysers in a single modular format which sample by the sidestream method are more readily available. These use a variety of measurement techniques combined in the unit or a collection of modules.
